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The unbound nucleus 7He, produced in neutron-knockout reactions with a 240 MeV/u 8He beam in a
liquid-hydrogen target, has been studied in an experiment at the ALADIN-LAND setup at GSI. From an R-
matrix analysis the resonance parameters for 7He as well as the spectroscopic factor for the 6He(0+)+ n
conﬁguration in its ground-state have been obtained. The spectroscopic factor is 0.61 conﬁrming that 7He
is not a pure single-particle state. An analysis of 5He data from neutron-knockout reactions of 6He in a
carbon target reveals the presence of an s-wave component at low energies in the α + n relative energy
spectrum.
A possible low-lying exited state in 7He observed in neutron knockout data from 8He in a carbon target
and tentatively interpreted as a Iπ = 1/2− state, could not be observed in the present experiment.
Possible explanations of the shape difference between the 7He resonance obtained in the two knockout
reactions are discussed in terms of target-dependence or different reaction mechanisms at relativistic
energies.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
The helium isotopes heavier than 4He, may be described as an
α-particle core surrounded by one or several neutrons. The strong
binding and the small size of the α cluster makes these isotopes
ideal as testing grounds for different neutron-halo models. Starting
with the well-known 5He system, all isotopes out to 10He have
been identiﬁed but only 6He and 8He are particle-stable in their
ground states.
* Corresponding author.
E-mail address: bjn@fy.chalmers.se (B. Jonson).0370-2693/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2009.07.044The nucleus 7He was ﬁrst observed in the 7Li(t, 3He) charge-
exchange reaction [1]. The ground state was identiﬁed at
0.44(3) MeV above the 6He + n threshold and expected to be a
Iπ = 3/2− state. Following this, 7He has been studied in several
different reactions and those performed until 2002 are summarised
in Ref. [2]. There is a general consensus about an excited 5/2−
state at an excitation energy of E∗ = 2.9 MeV in 7He, which mainly
decays into an α-particle and three neutrons. The experimental
information about other excited states is not conclusive and still
debated.
In an earlier experiment with beams of 240 MeV/u 6He and
227 MeV/u 8He impinging a carbon target, performed at the
ALADIN-LAND setup at GSI [3], 5He and 7He were studied. While
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known 5He ground-state resonance there was a clear deviation of
the 6He + n relative energy spectrum from the expected Breit–
Wigner shape. The result was interpreted as the 7He ground state
at 440 keV above the threshold and in addition an excited state
at about 0.6 MeV above the ground state. A tentative assignment
as the 1/2− spin–orbit partner of the 7He ground state was put
forward [4]. This result and its interpretation ignited a renewed
interest in investigations of 7He with different experimental ap-
proaches. The clear goal of these experiments was to ﬁnd the po-
sition and width of the 1/2− state since such data would provide
important information about the (ls) interaction in the vicinity of
the neutron drip-line, which is essential for shell-model calcula-
tions in this region. The basis of the shell model is, with Sir Denys
Wilkinson’s words [5], “the empirical spin–orbit coupling (ls) be-
longing to the individual particles, the deus ex machina on which
the shell model’s periodic table-wide classiﬁcation rested”.
After the ﬁrst GSI experiment [3,4], three other experiments
have reported positive observation of a ﬁrst excited state at around
1 MeV [6–8], while no evidence for a state could be found in ﬁve
other experiments [9–13]. All these experiments are, however, dif-
ﬁcult to interpret due to limited resolution and relatively strong
background. In paper [10] where the 1/2− state in the mirror
nucleus was searched for, the negative outcome might mainly be
due to that this state cannot be observed with the chosen geom-
etry of the setup [14]. Thus, the situation with the position and
spin/parity assignment for an excited state in 7He below 2.9 MeV
remains unclear.
Calculations using different models predict that the ﬁrst ex-
cited state in 7He has Iπ = 1/2− and that it appears as a very
broad state well above 2 MeV excitation energy (see the com-
pilation in Ref. [2]). Recent calculations with the recoil-corrected
continuum shell model or with cluster models place, however, the
1/2− state close to or below 1 MeV [14–16]. Moreover, a calcu-
lation in a Sturmian approach, with the Pauli principle taken into
account, predicted that the ﬁrst excited state in 7He has Iπ = 7/2−
and appears as a narrow resonance at an excitation of 1.7 MeV
[17,18].
This Letter describes a new experimental study of 7He in neu-
tron knockout from 8He. The 8He beam energy and main features
of the experimental setup were almost the same as in earlier
experiments [3,4], but with the important improvement that the
carbon target was replaced by a hydrogen target. For this class of
experiments, a hydrogen target has the advantage that the proton
is a clean structure-less probe.
With the data from the hydrogen target the position and the
width of the 7He ground state is determined and the spectroscopic
factor for the 6He+n conﬁguration in 7He is derived. A re-analysis
of the 5He data from the earlier experiment [3], was used to get
an estimate of the reduced single-particle width for 7He. As a by-
product of this analysis, the s-wave component in 6He was found
in the n–α relative-energy spectrum. Finally, the results from the
earlier experiment with the carbon target are compared with those
from the experiment with the hydrogen target. The difference in
the measured 6He + n relative-energy spectra is discussed both in
terms of target dependence and the reaction mechanisms at rela-
tivistic energies.
2. Experimental setup
The experiment was carried out at the ALADIN-LAND setup at
GSI, Darmstadt, where the radioactive beam of 240 MeV/u 8He
was produced in fragmentation reactions in a beryllium target of
a primary 18O beam from the heavy-ion synchrotron, SIS. After se-lection by magnetic analysis in the fragment separator, FRS, the
8He of ≈ 350 ions/s−1 was directed towards a liquid-hydrogen tar-
get placed in front of the ALADIN-LAND setup. The liquid-hydrogen
was kept in a cylindrical container (28 mm in diameter and 50 mm
long) with thin mylar windows inside a vacuum chamber. The
effective target thickness was 350 mg/cm2. Background measure-
ments were performed with an empty container. The experimental
setup is described more in detail in Ref. [19].
The kinetic energy in the fragment + neutron system, E fn, often
referred to as the relative energy, was calculated using the rela-
tivistic equation:
Efn = |Pf + Pn| − Mf −mn, (1)
where Pf (Pn) is the fragment (neutron) four-momentum and Mf
(mn) is the mass of the fragment (neutron). Natural units with c =
1 are used. Note, that the relative energy is not inﬂuenced by the
energy and angular spread of the projectiles.
The experimental resolution in the relative-energy spectra were
obtained from Monte Carlo simulations as described in Ref. [20].
The simulation was adjusted to reproduce the momentum distri-
bution of the primary beam passing through the target. This pro-
cedure thus includes energy losses in the target for both incoming
8He and outgoing 6He, which have about the same energy loss.
This was determined from Monte Carlo simulations using the ex-
perimental momentum distributions of the reaction products, the
resolving power of the neutron tracking routine and the accep-
tance of the setup. The probability for a neutron to be detected
within the solid angle subtended by LAND is 85%. The detection
eﬃciency stays almost constant up to about 2 MeV of the 6He+ n
relative energy and decreases at higher energies. All experimental
data given in this Letter are corrected for the overall eﬃciency of
the setup.
3. Data analysis
3.1. Relative-energy spectra
A 8He nucleus reacting in the target may result in two neutrons
and a 6He fragment in the ﬁnal state. The 7He events are those
where only one neutron crosses the LAND area while the knocked-
out neutron from 8He is scattered to large angles. With the high
detection eﬃciency for neutrons in LAND it is possible in the anal-
ysis to correct for the contribution by events with two neutrons
crossing LAND but where only one is detected. The ﬁnal-state in-
teraction takes place between a neutron and the 6He fragment,
which are close in momentum space, while the interaction with
the second neutron is suppressed. With this approximation, the
fragment + neutron relative-energy spectrum can be considered as
reﬂecting properties of 7He. It has been shown earlier [3] that the
momentum transferred to the 6He core is negligibly small when a
neutron is knocked out from the neutron halo of 8He, which means
that the remaining system stays essentially untouched in the reac-
tion.
This spectrum of 6He + n is shown in Fig. 1. The spectral
shape resembles a single-resonance structure without any essen-
tial physical background originating from different reaction mech-
anisms.
The spectrum was analyzed in an R-matrix approach using one
single resonance with the following shape:
dσ
dEfn
∝ Γl(Efn)[Er + Δl(Efn) − Efn]2 + 14Γ 2l (Efn)
, (2)
folded with the experimental resolution. Here E fn is the kinetic en-
ergy in the 6He+n system and Er the resonance energy above the
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impinging on a hydrogen target. Experimental data are shown as circles with error
bars from statistical uncertainties. The full-drawn line results from a ﬁt to the data
using Eq. (2) folded with the experimental resolution. The thresholds for the 4He+
3n and 6He(2+) + n reaction channels are indicated.
6He+n threshold. The energy dependence of the resonance width,
Γl , is given by Γl = 2Pl(Efn)γ 2, where γ 2 is the reduced width
and Pl(Efn) is the penetrability through the centrifugal barrier
for a neutron with orbital angular momentum l = 1 in this case.
The penetrability was calculated from the conﬂuent hypergeomet-
rical functions, Fl and Gl [21]. Similarly, the energy dependence of
the resonance shift, Δl(Efn), is determined from the shift function
Sl(Efn) [21] in the relation Δl(Efn) = −[Sl(Efn) − B]γ 2 where the
boundary condition B was chosen such that Δl(Er) = 0. The the-
oretical curves were folded with the experimental resolution and
least-square ﬁts were performed for several choices of the channel
radius, R .
The spectroscopic factor for the 6He(0+)+n conﬁguration is de-
ﬁned as the ratio of the reduced width obtained from the ﬁt to the
single-particle reduced width, Sn = γ 2obs/γ 2sp. With this deﬁnition a
resonance can be considered as a singe-particle state when Sn ap-
proaches unity. There is, however, a large uncertainty in the eval-
uation of the single-particle reduced width γ 2sp. The value given
by the Wigner limit [22], γ 2sp = 32 h¯2/μR2 where μ is the reduced
mass, is often used. A more realistic estimate is made in Ref. [23]
where it is shown that γ 2sp depends on the orbital angular mo-
mentum. For l = 1 one ﬁnds γ 2sp = 23 h¯2/μR2. A value close to this
estimate was obtained in calculations using a potential model [24].
The range of values for γ 2sp is obviously too big to be useful to ob-
tain a quantitative result.
To get the best possible value for γ 2sp in this case, one may
start from the available information about the lighter unbound
5He nucleus. The ground-state resonance has been studied care-
fully in many experiments and there is a general consensus that
its ground state represents an ideal case of a single-particle p3/2-
state with a neutron spectroscopic factor of unity [25]. This means
that γ 2obs = γ 2sp. The following procedure is therefore adopted: ex-
perimental relative-energy spectra of 5He taken from the GSI ex-
periment in Ref. [3] are analyzed in the same manner as for 7He
discussed above. The extracted values for γ 2obs are considered to be
the pure single-particle reduced widths for 5He. These values are
then used to calculate γ 2sp for
7He by simply correcting them for
the difference in reduced mass.Fig. 2. Relative-energy spectrum for the 4He+n subsystem after one-neutron knock-
out from 6He on a carbon target. Experimental data from Ref. [3] are shown as
circles with statistical errors. The full-drawn line is the result of a ﬁt to the data
using the sum of Eqs. (2) and (3), Eq. (4) folded with the experimental resolution.
The dashed line describes the ground-state p3/2 resonance and the dotted line is
the contribution from s-wave scattering.
3.2. Re-analysis of the 5He spectrum
Markenroth et al. studied 5He produced in one-neutron knock-
out reactions with a 240 MeV/u 6He beam on a carbon target
[3] in an earlier version of the experimental setup used here. The
relative-energy spectrum, α + n, is shown in Fig. 2. As pointed out
in Ref. [3], the low energy part of the spectrum deviates essen-
tially from what is expected from a single p3/2 resonance. In the
re-analysis performed here to obtain the single-particle reduced
width, the problem of the excess intensity at low energy was also
addressed. Since it has been proposed that there could be a small
s-wave component in the 6He ground-state wavefunction, an s-
component according to the shape in Ref. [26] was included in the
ﬁt to the data:
dσ
dEfn
∝ pfn
[
1
k2 + p2fn
]2[
cos (δ) + k
pfn
sin (δ)
]2
, (3)
pfn cot (δ) = −1a +
1
2
r0p
2
fn + O
(
p4fn
)
. (4)
Here, the parameter δ is the s-wave phase shift with the scatter-
ing length a and effective range parameter r0, and k = √2μ	 . The
parameter 	 , which should be close to the two-neutron separation
energy, S2n, in 6He (see e.g. Ref. [19]) was used as a free parame-
ter in the ﬁt. To get reasonable starting values for a and r0, Eq. (4)
was used in the least-square ﬁt to the data for s-wave scatter-
ing phase shifts, δ, taken from Table II in Ref. [27]. The analysis
gives a = 2.4 fm and r0 = 1.66 fm. The positive sign of the scat-
tering length is signalling that the 4He+ n interaction is repulsive,
as known from the literature. During the ﬁtting procedure, r0 was
kept ﬁxed while 	 and a were used as free parameters.
The result of the ﬁt to the relative-energy spectrum of 4He+ n
is shown in Fig. 2. The values for the free parameters obtained in
the ﬁt are 	 = 0.94(23) MeV and a = 3.37(38) fm, close to the ex-
pected values S2n = 0.97 MeV and a = 2.4 fm, thus conﬁrming the
validity the analysis. The conclusion from this is that in addition to
the p3/2 resonance, there is a contribution to the relative-energy
spectrum stemming from an s-wave neutron scattered off the α
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The results of the analysis of the relative-energy spectrum shown in Fig. 2. The
values for Er , Γ (Er) and γ 2obs are in the center-of-mass system. The errors denote
statistical uncertainties.
R fm Er MeV Γ (Er) MeV Pl(Er) Sl(Er) γ 2obs MeV
3.6 0.734(3) 0.687(13) 0.161 −0.733 2.135(40)
4.0 0.735(3) 0.670(12) 0.208 −0.690 1.611(29)
5.5 0.741(4) 0.655(9) 0.427 −0.538 0.766(11)
Table 2
The result of the analysis of the relative-energy spectrum shown in Fig. 1. The
values for Er , Γ (Er) and γ 2obs are given in the center-of-mass system. The errors
represent only statistical uncertainties.
R
fm
Er
MeV
Γ (Er)
MeV
Pl(Er) Sl(Er) γ 2obs
MeV
γ 2sp
MeV
Sn
3.6 0.386(2) 0.194(6) 0.077 −0.830 1.250(40) 1.993(40) 0.627(23)
4.0 0.387(2) 0.190(6) 0.102 −0.798 0.932(29) 1.504(29) 0.619(22)
5.5 0.388(2) 0.187(5) 0.226 −0.675 0.415(11) 0.715(11) 0.580(18)
core. The obtained contribution from s-wave scattering is 11.7(5.6)
mb while the total cross section for neutron knockout from 6He
is 127(14) mb. The existence of an s-wave component in the 6He
ground-state wavefunction has been predicted theoretically to be
on a level of 5–10% (see, for example, Ref. [28]). This is the ﬁrst
time an s-wave component in the 6He ground state could be de-
termined experimentally and its size is in good agreement with
theoretical predictions.
The p3/2 ground-state resonance parameters in 5He obtained
for different channel radii are shown in Table 1.
The systematic uncertainties are ±20 keV for the resonance po-
sitions and ±30 keV for the widths. These uncertainties originate
mainly in uncertainties in the time calibration and in the detector
response function.
The resulting resonance parameters agree well with those
extracted from 4He(n, n) data [29] (Er = 0.771 MeV. Γ (Er) =
0.644 MeV). There is, however, some disagreement with re-
sults from the 3H(d, γ ) experiment in Ref. [30] (Er = 0.89 MeV,
FWHM = 0.61(3) MeV, Γ (Er) = 1.36(19) MeV).
3.3. Spectrum and neutron spectroscopic factor for 7He
The derived γ 2sp values for
5He were transformed to 7He by cor-
recting for the difference in reduced mass μ as in the expression
for the Wigner limit. For R = 4.0 fm, the obtained γ 2sp value is
about 15% smaller than those from calculations in the potential
model [24], which give γ 2sp = 1.748 MeV.
Table 2 summarizes the results of the analysis for the 7He data.
The values of the parameters which characterize the 7He ground
state are stable and do not depend on the channel radius within
the statistical uncertainties.
The extracted Γ (Er) = 190(30) keV agrees with the value given
in Ref. [1] and with the result of a recent experiment [13]. The res-
onance energy Er = 388(20) keV is as well in agreement with the
value 400(10) keV given in Ref. [13]. The 7He resonance param-
eters obtained in a 7Li(d, 2He) experiment [24] (Er = 0.446 MeV,
Γ (Er) = 0.183(22)) are also in agreement with the present results.
From the analysis given in Table 2 we obtain a spectroscopic
factor of Sn = 0.61(3), far below the single-particle expectation of
unity. This value is in agreement with the result Sn = 0.64(9) ob-
tained from the 7Li(d, 2He) reaction [24], while the analysis of the
proton-transfer reaction 8Li(d, 3He)7He(3/2−) resulted in a smaller
value, Sn = 0.36(7) [12].
In a naive shell model where all three valence neutrons oc-
cupy the 0p3/2 subshell, the weight of the 6He+n conﬁguration inthe 7He ground-state wavefunction is expected to be 1/6. A sim-
ilar weight was obtained in a cluster model involving different
6He + n conﬁgurations. The weight of the 6He(0+) + n compo-
nent was predicted to be 19% [31]. Initially these results indicated
that only the 0p3/2 subshell plays a role in the 7He ground-state
structure. However, the nuclei in the 0p-shell region have been the
subject of many studies, both experimental and theoretical. From
these it has become apparent that one cannot obtain a satisfac-
tory description of the experimental data neither in a LS-coupling
nor a j j-coupling scheme. The j j mixing of the j = l ± 1/2 sub-
shells is essential for understanding of the structure of p-shell
nuclei. The conventional Cohen–Kurath shell model, with interme-
diate coupling and effective interaction for the 0p-shell obtained
by ﬁtting energy levels [32], results in a spectroscopic factor of
Sn = 0.59, which is very close to the result of the present ex-
periment.1 Further, the Cohen–Kurath model gives a spectroscopic
factor Sn(2+) = 1.21 for the 6He(2+) + n conﬁguration in the 7He
ground-state wavefunction. These spectroscopic factors demon-
strate that the 7He ground state has a large mixing between the
j = l± 1/2 sub-shell components, which means that they are built
up by p3/2 and p1/2 neutrons coupled to the 4He core. The im-
portance of the 6He(2+) conﬁguration has also been demonstrated
for several states in 7He using the 4He + n + n + n cluster model
[15]. Similar results have also been obtained in Refs. [17,18]. Vari-
ational Monte Carlo calculations resulted in Sn(0+) = 0.53 and
Sn(2+) = 1.76 [11].
Note, that the analysis of the 6He+ n relative-energy spectrum
did not show any presence of s-wave scattering, while contribution
of s-wave similar to that observed in the 4He+ n case is expected
as far as theoretical calculations in Refs. [33,34] predict that the
weight of (1s1/2)2 component in the ground state of 8He is close
to those in the 6He ground state [28]. The non-observation of this
low-energy s-wave contribution can be considered as an additional
indication for conﬁguration mixing in the 7He ground state.
The 7He relative-energy spectrum extends up to energies
where in addition to the two-body 6He + n channel the chan-
nels 6He(2+) + n, 5He + 2n and 4He + 3n are also energetically
allowed. The thresholds for 6He(2+) + n and 4He + 3n decays are
indicated in Fig. 1 by arrows. The measured spectrum shows, how-
ever, no obvious deviation from the shape according to Eq. (2) in
the respective threshold regions.
3.4. Target dependence
The 7He spectrum obtained with the carbon target at 227
MeV/u from [3,4] is shown again in Fig. 3. The spectrum was re-
analyzed in the same way as the present data by using Eq. (2)
convoluted with an experimental resolution function of asymmet-
ric shape [20].
The result of the analysis of the carbon data is shown in Table 3
together with the present results on hydrogen. While the latter
data reveal one single resonance in the 6He + n relative-energy
spectrum the carbon data show a surplus of events around 1 MeV
which can be interpreted as an additional resonance. The position
of the ground state when the spectrum is analyzed as consisting of
two resonances agrees within systematical uncertainties ±20 keV
with the result of the present experiment.
The parameters obtained for the hypothetical excited state do
not contradict those obtained in the analysis of the former ex-
periment [3,4]. However, several experiments have indicated the
absence of an excited state in 7He below 2 MeV, including the
1 The numerical values for spectroscopic factors in the Cohen–Kurath model are
taken from Ref. [11].
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out from 8He impinging on a carbon target. Experimental data from Ref. [3] are
shown by circles with statistical uncertainties. The lines display a sum of Breit–
Wigner shapes (Eq. (2)) for the ground state (dashed line) and an excited state
(dotted line), folded with the experimental resolution. The solid line is the sum
of these two contributions.
Table 3
Comparison of results from 7He relative-energy spectra obtained in the 8He neutron
knockout on a carbon-target and a hydrogen-target. The systematical uncertainties
in the cross sections are mainly originating from the ﬁnite acceptance of the ex-
perimental setup. All energies, widths (Er , Γ (Er)) are in the center-of-mass system.
A channel radius of R = 4.0 fm was used in the analysis. Only statistical errors are
given.
Target Ground state Excited state
Er MeV Γ (Er) MeV σ mb Er MeV Γ (Er) MeV σ mb
Carbon 0.351(9) 0.189(30) 101(12) 1.02(7) 0.50(20) 27.4(9.8)
Hydrogen 0.387(2) 0.190(6) 52(7) – – –
present experiment with the hydrogen target. A possible explana-
tion of the difference is that one is faced with a target-dependent
effect at relativistic energies.
As shown in Table 3, the cross section for the 7He ground-state
channel with the carbon target is about two times larger than for
the hydrogen target. This means that the probability for multi-
step processes in the carbon target is expected to be four times
larger. Faddeev-type calculations [35] made for neutron knockout
from 11Be with protons have shown that double-scattering dia-
grams needs to be included in the calculations even at 200 MeV/u
beam energy. Multiple scattering processes may result in distor-
tions of the relative-energy spectrum and then in particular of the
tails of narrow and intense peaks. Another possible reason for the
distortion may come from the complexity of the carbon target.
The process of neutron knockout from 8He can be accompanied
by a destruction of the carbon nucleus. This process will result in
a broadening of the narrow peak in the relative-energy spectrum.
A selective excitation of a resonance with unusual structure
cannot be excluded. For example, the 7/2− resonance with the
6He(2+) + n structure as predicted in Refs. [17,18], can hardly be
obtained in a one-step quasi-free knockout reaction (due to its
large spin) or in a transfer reaction (since the core has to be ex-
cited). Multi-step processes, however, may lead to excitation of this
state.4. Summary and conclusion
New data for 7He obtained in an experiment with a hydro-
gen target are presented. The measured relative-energy spectrum
of 6He + n reveals a shape that is close to a pure Breit–Wigner
resonance. There is no evidence for any additional structure, which
was observed in a similar experiment using a carbon target. This
demonstrates that the use of complex targets makes a clean anal-
ysis diﬃcult. A re-analysis of the 5He data from [3] was performed
to get a reliable estimate of single-particle reduced widths for 7He
via mass scaling. As a by-product an s-wave hard core scattering
component could be identiﬁed. The spectroscopic factor for the
6He(0+) + n conﬁguration in 7He is Sn = 0.61(3), which shows
that 7He is not a pure single-particle p3/2-state.
The 7He spectrum obtained earlier showing a clear deviation
from the Breit–Wigner shape was discussed in terms of target de-
pendent re-scattering.
For the nuclei in the 0p-shell region it has become apparent
that one cannot obtain a satisfactory description of the experi-
mental data neither with the LS-coupling nor with the j j-coupling
model. The experiments are now extended to regions beyond the
drip-line and these results give further support to this conclu-
sion. The j j mixing of the j = l ± 1/2 sub-shells is essential for
an understanding of the structure of p-shell nuclei. This is clearly
demonstrated by the structure of the 7He ground state.
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